The inherent specificity and electrochemical reversibility of enzymes poise them as the biorecognition element of choice for a wide range of metabolites. To use enzymes efficiently in biosensors, the redox centers of the protein should have good electrical communication with the transducing electrode, which requires either the use of mediators or tedious biofunctionalization approaches. We report an all-polymer micrometer-scale transistor platform for the detection of lactate, a significant metabolite in cellular metabolic pathways associated with critical health care conditions. The device embodies a new concept in metabolite sensing where we take advantage of the ion-to-electron transducing qualities of an electron-transporting (n-type) organic semiconductor and the inherent amplification properties of an ion-to-electron converting device, the organic electrochemical transistor. The n-type polymer incorporates hydrophilic side chains to enhance ion transport/ injection, as well as to facilitate enzyme conjugation. The material is capable of accepting electrons of the enzymatic reaction and acts as a series of redox centers capable of switching between the neutral and reduced state. The result is a fast, selective, and sensitive metabolite sensor. The advantage of this device compared to traditional amperometric sensors is the amplification of the input signal endowed by the electrochemical transistor circuit and the design simplicity obviating the need for a reference electrode. The combination of redox enzymes and electron-transporting polymers will open up an avenue not only for the field of biosensors but also for the development of enzyme-based electrocatalytic energy generation/storage devices.
INTRODUCTION
Enzyme-based electrocatalysis has gained significant interest for the development not only of energy conversion devices but also of biosensors (1) . The inherent substrate specificity and catalytic activity of enzymes (oxidoreductases) coupled with their ability to undergo electronic communication with the sensing electrode have stimulated their widespread application in amperometric biosensors, predominantly for the detection of physiologically relevant metabolites such as glucose (2) . An obvious prerequisite when it comes to engineering such bioelectrochemical devices is the electron transfer (ET) between the sensing electrode and the redox active sites of the enzyme. For most of the enzymes, efficient electrical communication with the electrode is largely restricted by the distance between the active sites (and/or the electron transport pathways within the enzyme) and the electrode surface (3, 4) . This is more of an issue for flat, unstructured surfaces of traditional electrode materials, limiting intermolecular interactions. To mediate ET, a typical strategy has, therefore, been the inclusion of redox active molecules acting as elec-tron relays in the sensor architecture-in a freely diffusing form or coupled to the electrode (5) .
Organic mixed conductors (OMCs) are often conjugated polymers that support electronic charge transport along their backbones, while allowing for ionic transport through their bulk (6) , with great potential to act as electron relays. Alongside their inherent ability to undergo reversible electrochemical reactions, their fuzzy/soft surfaces can aid in promoting interactions with proteins, thus inducing electronic communication with the catalytic sites of the enzymes (5, (7) (8) (9) (10) (11) (12) . In addition, OMCs enable different modes of device operations, a state-of-the-art example being the organic electrochemical transistor (OECT). As an electrolyte-gated transistor, the OECT can transduce ionic signals of biological origin into electronic ones (13) (14) (15) , with particularly high amplification. This is due to the volumetric interactions of the electrolyte (dopant/dedopant) ions with the bulk of the OMC channel (16) , leading to remarkable sensitivity for biotransduction (17, 18) . We have recently shown OECTs composed of the p-type semiconductor poly (3,4-ethylenedioxythiophene) doped with polystyrenesulfonate (PEDOT:PSS) and coupled with the corresponding oxidase enzymes for metabolite sensing (19, 20) . By making an array of such microfabricated devices, we could detect multiple disease-related metabolites from one drop of human saliva with remarkable specificity (19) , and more recently, minute changes in the concentration of lactate secreted from tumor cells in vitro could be monitored by incorporating reference-based circuits (20) .
In the aforementioned OECTs, however, as in most electrochemical biosensors to date, direct ET has been rather sluggish, limiting their selectivity and speed. This can be overcome by the integration of ET mediators, albeit at the expense of complicating the sensor fabrication. Moreover, despite the high signal amplification provided by the OECT, PEDOT:PSS-based devices display the inherent disadvantage in that they operate in depletion mode. In this regime, electrochemical dedoping of the p-type channel (that is, a decrease in its conductance) as a result of the applied gate potential or a biological event (such as the enzyme-based electrocatalysis) will switch the transistor off. For biosensing, however, it is more advantageous to have an accumulation mode device (21) , which switches on upon the biorecognition event as in depletion mode sensors; a reduction in current over time, possibly due to degradation of the polymer, might intervene with the actual sensor output. Moreover, the depletion OECT being always on has adverse influence on power consumption. While the inherent specificity and electrochemical reversibility of enzymes poise them as the biorecognition element of choice for a wide range of metabolites, challenges associated with their facile integration and efficient communication with electrodes remain. With the notable exception of today's market praised success story in glucose biosensors, enzyme-based devices, including OECTs, are still limited in their adaptation into different geometries and form factors and for applications beyond in vitro platforms.
RESULTS

n-Type OECTs for direct detection of lactate
Addressing these mutually stringent requirements in material and device design for enzymatic sensing of metabolites, we report the use of an n-type mixed conductor in an accumulation mode OECT for the detection of lactate. The n-type-conjugated polymer that we chose as the active material is based on an NDI-T2 copolymer (22) , which has a backbone comprising a highly electron-deficient naphthalene-1,4,5,8-tetracarboxylic diimide (NDI) repeat unit and an electronrich unsubstituted bithiophene repeat unit (T2), hereinafter called P-90 ( Fig. 1A) . The side chains on the diimide unit were a 90:10 randomly distributed ratio of polar glycol and nonpolar branched alkyl groups, where the ratio was optimized to ensure solubility of the copolymer in polar solvents (23) . The glycol side chains are envisaged to serve the dual role of (i) providing polar groups for the enzyme to interact with (24) and (ii) enhancing the polymer's water uptake capacity (25) , known to promote electrochemical activity in aqueous media (15) .
The copolymer P-90-based OECT coupled with lactate oxidase (LOx) is schematically depicted in Fig. 1B . We adopted an all-planar configuration where we use the polymer in the channel and at the gate electrode. Note that the film surface is not chemically treated to immobilize the enzyme (the enzyme solution was simply placed on the active area), neither is an ET mediator incorporated into our system. As such, the device not only is compatible with large area processes such as printing but also provides ease of integration with microfluidics or adaptation for use in in vivo environments (26) . These accumulation mode OECTs exhibit a high signal on/off response (translating into high gain) and a low-power operation in common aqueous electrolytes (27) . The current-voltage characteristics show a monotonic increase of the source-drain current (I D ) with increasing gate voltage (V G ) due to doping of the film by the cations injected from the phosphate-buffered saline (PBS), a buffer that mimics the pH, osmolarity, and ion concentration in the human body ( fig. S1 ). The first derivative of this curve, that is, the output (I D ) of the the presumed interactions between the enzyme, LOx, and the n-type channel (note also that the gate electrode is exposed to LOx and lactate). (D) Real-time response of the OECT (source-drain current, I D , as a function of time) as successive amounts of lactate are added to the PBS solution containing the enzyme, LOx, and the corresponding calibration curve in semilogarithmic scale. Arrows indicate the addition of lactate. After 10 mM lactate, the device is washed with PBS, and the output signal decreases back to its initial value. The insets represent the magnified response of the transistor to low amounts of the analyte (10 to 500 mM).
device versus the input (V G ), expresses the signal amplification by the OECT, namely, the transconductance. The transconductance curve follows a monotonic trend as well: The efficiency of transduction scales with V G (fig. S1B ) . Giovannitti and co-workers (28) recently showed that the polar glycol side chains attached to such hydrophobic polymer backbones enabled reversible electrochemical switching between the reduced (n-type-doped), oxidized (p-type-doped), and neutral state of the film in similar aqueous electrolytes. During the reduction process (triggered by a positive gate bias), cations drift into the film to counterbalance the electrons stabilized on the backbone of the copolymer.
As P-90 has the ability to stabilize electrons on its backbone, those generated during an enzymatic reaction could be directly transferred to the channel, increasing its conductivity (29) , thereby turning the device on (Fig. 1C ). Figure 1D shows the chronoamperometric response of the OECT, that is, the change in the saturation current that flows through the P-90 channel, to the real-time additions of cumulative concentrations of lactate in the presence of LOx in PBS. The I D increases with increasing concentrations of lactate, suggesting a reaction-triggered gating of the channel. The specific and reversible reaction of LOx with lactate affects the conductance of the channel. We note that the device is responsive to lactate only when it is operated at gate voltages equal to or higher than the threshold voltage (that is, the minimum V G required to turn the device on) ( fig. S2 ). The dose-dependent effect of lactate on the steady-state characteristics of the OECT, for a remarkably wide range of concentrations, outperforms PEDOT:PSS-based OECTs of comparable geometry used as lactate sensors, despite the absence of an electron mediator (19) . Our platform yields excellent biosensor analytical characteristics as evidenced from the normalized lactate titration curves ( fig. S3 ). When operated in the bespoke parameters (that is, V D = 0.7 V and V G = 0.5 V), the channel with this particular geometry responds to micromolar concentrations of lactate with a linear relationship up to 1 mM and a wide dynamic range of detection from 10 mM to 10 mM. The change in the I D occurs rapidly (within ca. 2 s), particularly for low metabolite concentrations (<0.3 mM) ( Fig. 1D) . Notably, the device response is reversible; for example, when the 10 mM lactate solution on top of the device is replaced with PBS (washing step), the current reverts to its initial, lactate-free value. The device response to lactate is reproducible with no significant device-to-device and measurement-to-measurement variations, especially for the detection of low lactate concentrations (mean calculated error, 2.4%; fig. S3 ).
Detection mechanism
To elucidate the mechanism behind the gradual increase in the channel current as lactate is oxidized by LOx in the electrolyte, we sought to gain insights into the interactions between the enzyme and the film, which will most likely lead to such an efficient electrochemical communication. We used quartz crystal microbalance with dissipation monitoring (QCM-D) measurements because of the versatility of the tool in monitoring interactions of a solid surface with certain species in a solution (30) . Figure 2A shows the enzyme-induced changes in the oscillation frequency of the QCM crystal coated with the copolymer P-90 that are translated into the variations in the mass of the film (see fig. S4 for the raw QCM-D data, that is, frequency change versus time plots). As LOx is introduced into the PBS solution that is flowing over the film, the mass on the sensor increases ( Fig. 2A , the region marked as "+LOx"). We also monitor distinct changes in the surface topography of the polymer film in the pres-ence of the enzyme [compare the atomic force microscopy (AFM) images on the left and in the middle of the inset of Fig. 2A and fig.  S5 , B and C]. Even after rinsing this film with PBS, we find that a high amount of the enzyme remains on the polymer surface ( Fig. 2A , the region marked as "Rinse"). At this stage, the film surface is also rougher compared to its pristine state, which further substantiates the localization of the protein on the surface (the AFM image on the right of the inset of Fig. 2A ; see also fig. S5, A and D).
The cyclic voltammetry (CV) curves show footprints of the interactions and the electronic communication between the enzyme and the film (Fig. 2B , compare PBS; P-90 only, with +LOx; upon enzyme addition). The CV curve of P-90 in PBS is characterized by two reversible redox couples ( fig. S6A ). The associated redox peaks are attributed to ET processes along the chain where the negative charge is mainly localized on the carbonyl oxygens of the NDI unit (31) . The enzyme addition causes an increase both in the reduction and in the oxidation peak currents-we do not observe new features possibly due to the inherently complex CV curve of P-90-while the oxidation peak shifts slightly toward more positive voltages ( Fig. 2B and fig. S6A ). The increase in the redox peak amplitudes can be attributed to the activity of flavin mononucleotide (FMN), the catalytic site of LOx (32, 33) . When lactate is added into the solution and is oxidized by LOx, we observe an increase in the cathodic current, as well as a shift of the peak potentials, which is more prominent as the lactate concentration increases (Fig.  2B) . The electrocatalytic reactions occurring during the enzymatic sensing of lactate are described in fig. S6B (4) . These changes can be related to a local pH decrease, resulting from the H + produced upon the enzymatic reaction and/or because of the high amount of lactate present in the solution (see fig. S7A for the pH of the solution in the presence of enzymatic reactions with different amounts of lactate). We therefore investigated the net effect of pH on the electrochemical behavior of the P-90 film ( fig. S7B ). With the decrease of solution pH from 7.4. to 5, both the cathodic and anodic peak potentials shift slightly toward positive potentials, accompanied by a decrease in their magnitudes. Only below pH 4 do we see an increase in the peak amplitudes, suggesting the participation of H + to dope the polymer. We therefore conclude that H + evolution in the solution seems to be responsible for the shift of the redox peak potentials but does not play a major role in generating current, at least for lactate concentrations below 15 mM (pH <4). As such, the observed changes in the CV curve of P-90 in Fig. 2B can be attributed to a synergistic effect of ET and a local pH decrease, while the contribution of the latter is pronounced for high lactate concentrations.
The ultraviolet-visible-near-infrared (UV-VIS-NIR) absorbance spectrum of the P-90 film in PBS solution containing LOx illustrates these interactions from another aspect (Fig. 2C) . The changes in the spectrum that occur upon enzymatic reaction are comparable to those observed when the film is electrochemically doped by electrolyte cations ( fig. S8 ). When lactate is added to the solution containing LOx, the absorbance peaks between 350 and 550 nm increase in intensity, with a subsequent decrease in the broader energy transition between 550 and 850 nm, which is attributed to an intramolecular charge transfer complex. These spectral changes suggest doping of the polymer film upon enzymatic reaction. The electrons produced in the reaction are efficiently transferred to the conjugated backbone, increasing the charge carrier density and hence the conductivity of the copolymer, even at voltages as low as −0.1 V (versus Ag/AgCl), which is below the reduction peak of the copolymer (Fig. 2D ). It is worthy to note that, in response to 10 mM lactate, the OECT channel generates three orders of magnitude higher current density compared to the output of this macroscale electrode (biased at −0.5 V with respect to the reference electrode), highlighting the gain that the transistor circuit provides.
Generally, for oxidases (such as LOx) where the cofactor is not sufficiently wired to the electrode and in the absence of an ET mediator, the diffusing molecular O 2 sequesters the electrons from the reduced cofactor and is converted to hydrogen peroxide (H 2 O 2 ) ( fig.  S6B) (5) . To rule out the possibility of P-90 exhibiting inherent catalytic activity toward H 2 O 2 , we tested the device sensitivity to H 2 O 2 . Figure 3A shows the device response to cumulative concentrations of H 2 O 2, corresponding to the lactate concentrations tested in this study. The negligible change in channel conductance with H 2 O 2 further confirms the selectivity of the sensor to lactate and that the ET from the enzyme to the film governs the device operation. Likewise, we find no significant differences in the electrochemical behavior of the system recorded in air-saturated PBS compared to that in deoxygenated PBS (fig. S9 ). In air, only slightly higher reduction (and oxidation) currents can be observed because of the diffusing O 2 that acts as an electron acceptor competing with P-90. Moreover, the sen-sitivity of the device to detect lactate is specific to its oxidation by the enzyme and not due to a decrease in pH of the solution (for example, H + doping). The decrease in solution pH, adjusted via HCl additions or an increase in lactate concentration, does not have a major influence in the normalized response (NR) of the OECT (see the inset of Fig. 3A and fig. S10A ). Together, we conclude that the enzyme is efficiently anchored to the surface of the P-90 film, presumably because of interactions with ethylene glycol side chains (24) . As such, it has a good electrochemical contact with the redox-active copolymer; that is, the electrons generated from the enzymatic reaction can be transferred from the FMN to the polymer backbone (Fig. 3B) . The NDI units of the copolymer act not only as electron-transporting conjugated segments but also as redox centers, capable of switching between the neutral and reduced state, thus obviating the need for a mediator (34) .
Controlling the analytical characteristics of the sensor
In the comparative lactate titration curves of the n-type accumulation mode OECT biosensor, we show how the analytical characteristics of showing the interactions between the enzyme and the polymer film in three stages: when the film is exposed to the electrolyte (PBS), when the enzyme is injected into the PBS solution (+LOx), and when the enzyme-exposed film is rinsed with PBS (Rinse). The mass of the film was calculated using a viscoelastic model. Three the sensor change depending on the biasing conditions ( Fig. 3C) . At a higher gate bias (V G = 0.6 V compared to 0.5 V), the sensor exhibits better sensitivity at the low lactate concentration regime (<1 mM) as determined from the slope of the linear calibration curve (Fig. 3C , inset). The increased sensitivity at higher gate bias can be sought to be directly correlated to the device's transconductance. At a V G of 0.6 V, the transconductance of the device is higher compared to operation at V G = 0.5 V ( fig. S1B ). However, operating the device at high V G leads to faster saturation; that is, the sensor is no longer responsive to high concentrations of lactate (>0.5 mM). The closer to the threshold potential the device is gated, the larger the operation window, and therefore the larger the dynamic range of the sensor. Thus, by adjusting the gate potential, one can tune the sensitivity of the biosensor to the desired lactate concentration range, depending on the application demands. Another striking feature of this device type is the capability to drive the enzymatic reaction either at the gate or at the channel by varying the magnitude of the voltage applied at the corresponding contacts (Fig. 3D ). This is implausible with the benchmark OECTs based on the p-type PEDOT:PSS because the oxidation reaction always takes place at the positively biased gate electrode rather than the negatively biased channel. When V G > V D , the gate acts as the oxidizing electrode, while the channel amplifies the sensing event ( fig. S10B ). The ability to tune the polarity of the two electrodes can be beneficial in cases where the potential drop is equal at the two interfaces; that is, the gate and the channel have the same size and are made of the same material.
DISCUSSION
Our device embodies a new concept in enzyme-based sensing where we take advantage of the superior ion-to-electron transducing qualities of an electron-transporting (n-type) organic semiconductor and the inherent amplification properties of an ion-to-electron converting device, the OECT. We demonstrate the detection of lactate, a target metabolite of high biological significance in determining cellular metabolic pathways and tightly associated with critical health care conditions, using a fully integrated, miniaturized, easy-to-fabricate all-polymer transistor platform. We postulate that the polar side chains of the copolymer aid in promoting interactions with the enzyme, alleviating the need of synthetic or post-synthesis biofunctionalization approaches that aim to bring the enzyme in close proximity to the sensing surface. As such, direct electrical communication between the film and the enzyme enables mediator-free direct detection of lactate, benefiting from the electron-accepting properties of the OMC. When used in an OECT configuration, the sensing performance is greatly enhanced because of the inherent amplification of these devices.
To achieve a reliable performance in real-world applications, however, we need to consider several factors. The observed deviation in the sensor performance among different devices is mostly attributed to the thickness variations of the film in the channel, which affect the gain of the OECT. We believe that control over film thickness can be easily addressed by adjusting the fabrication procedure as we showed in our previous study (20) . Furthermore, the error arising from multiple measurements on the same device can be reduced by introducing a more controlled environment for the addition of lactate. For example, the volume of the liquid that the device is exposed to could be controlled precisely by integration of microfluidics, which would mitigate user error.
One obvious advantage of this accumulation mode OECT compared to a conventional amperometric sensor is the inherent amplification of the signal by the channel, allowing for miniaturization. Only a few tens of micromolars of lactate causes a detectable change in the channel current. When the micrometer-scale LOx-functionalized channel is used as a resistor (simply by disconnecting the gate electrode), the change in its current with lactate is close to noise level, highlighting the role of the transistor circuit in amplifying the signal. The use of a lateral micrometer-scale gate electrode based on the n-type polymer and elimination of an external reference electrode allow for straightforward adaptation of this device type into different geometries and forms and, thus, greatly expand the application scope. Furthermore, we showed that by controlling the operation conditions, we could not only fine-tune the sensor's analytical performance but also determine where the redox reactions take place, without the need to redesign de novo. One evident benefit of this mode of operation is its compatibility with spatially resolved multiparametric sensing based on a single device platform including a common gate electrode and channels functionalized with different enzymes. This is the first demonstration of an accumulation mode OECT for biosensing and the use of n-type polymers in enzymatic sensing. The functionalization is simple, and the device design is elegant, obviating the need for mediators and a reference electrode. The role of OECT as both the amplifier and transducer and the design simplicity endowed by the inherent surface and bulk properties of the n-type material poise the resulting platform as a prominent alternative to the conventional amperometric enzyme electrodes. We further anticipate that this combination of redox enzymes with n-type polymers will open up an avenue not only for the field of biosensors but also for the development enzyme-based electrocatalytic energy generation/storage devices.
MATERIALS AND METHODS
Device fabrication
For the device fabrication, the Au contacts (located at the source, drain, and gate) and interconnects were patterned on a glass substrate, and an additional layer of Parylene C was used to insulate the Au interconnects according to established protocol (27) . The final channel dimension is 10 mm in length and 100 mm in width, while the gate electrode has an active area of 500 mm 2 . The active material, P-90, was spin-cast directly from a solution (1000 rpm, 30 s) without any annealing or postprocessing steps. The polymer P-90 was synthesized according to the literature (23) .
Film characterization
All characterization was performed in PBS. The cyclic voltammograms were recorded using a potentiostat-galvanostat (PGSTAT128N, Autolab) with an Ag/AgCl reference electrode and a Pt counter electrode. The working electrode was P-90 cast on a Au-coated glass substrate. The system, in a closed chamber, was systematically degassed for at least 15 min in N 2 before performing any measurements for characterization under inert atmosphere. The topography and the roughness of the polymer film and the enzyme adsorption were inves-tigated using AFM and QCM-D. AFM measurements were performed in tapping contact mode with an Agilent 5500 SPM AFM in both air and liquid. QCM-D measurements were conducted using a Q-sense analyzer (QE401) on a bare Au sensor (as reference) and then on the Au sensor coated with the film. The data were treated with a viscoelastic model to calculate the mass of the enzyme adsorbed on the film (35) . UV-VIS-NIR spectra were recorded using an Ocean Optics QE Pro Scientific grade spectrometer (185 to 1050 nm). For spectroelectrochemistry measurements, the spectrometer was coupled to a Keithley 2606A source measure unit, and when required, bias was applied between the polymer-coated ITO substrate, which serves as the working electrode and a Ag/AgCl reference electrode.
Chronoamperometric lactate sensing measurements
For the sensing experiments, LOx in PBS (10 mg ml −1 ) was dropcasted on the device active area (channel and gate). The schematics describing this functionalization step can be found in Fig. 2A . Lactate was dissolved as stock solutions in PBS. Current-voltage characteristics of the devices were recorded using a Keithley 2612A dual SourceMeter. The readout signal of the OECT at zero analyte concentration was the steady-state current obtained in PBS solution. After a steady baseline was obtained for the drain current, changes in response to subsequent additions of increasing concentrations of lactate solutions into the electrolyte were monitored as a function of time. For all the experiments, the volume of the solution was kept fixed at 50 ml. The response of the device to lactate was normalized to allow for an accurate comparison between different devices. The NR was determined by the following equation, which considers the current output after it reaches a steady-state value NR ¼ I I max where I and I max are the current output at a given analyte concentration and the maximum current output of the device at the maximum applied gate potential in the absence of the analyte, respectively.
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